Introduction
Organic light emitting diode (OLED) displays are forecast to be the promising display technology. They are thin, flexible, energy conserving, and suitable for large screen displays. For the developments of high-performance devices, high efficiency and good color purity are necessary. The emission wavelengths can be modified by blending dopants into the polymers light emitting diodes or by the incorporation of fluorescent dyes into the emissive layers for small molecule devices. The incorporation of fluorescent dyes into host materials has the advantages of efficient color tuning, good device efficiency, and narrow emission spectrum width [1] [2] [3] [4] . In OLEDs, carriers are localized in molecules and charge transport is a hopping process [2] . Carrier mobility is determined by charge transport between neighboring hopping sites. The mobility usually shows the Poole-Frenkel characteristic [5] . By controlling the distance between hopping sites, carrier mobility can be adjusted [6] . At thermodynamic equilibrium, charge carriers mostly occupy the deep tail states of the density-of-states (DOS) distribution [7] . Carrier hopping occurs mostly via shallower states [8, 9] . This shows that carrier density could affect mobility. Furthermore, dopants in OLEDs act as shallow trapping centers, which trap carriers and change the carrier density. Carrier trapping is the main emission mechanism in doped organic systems [10] . This also shows the dependence of the mobility on the dopant concentration. Although the efficiency of doped OLEDs has been improved, the carrier dynamics have not been well discussed [1] [2] [3] [4] . To further improve the efficiency and lifetimes of OLEDs, the carrier transport as well as recombination dynamics of doped OLEDs should be well explored. In this study, the dependences of carrier transport behavior and luminescence mechanism on dopant concentration of OLEDs were studied. In the lightly-doped sample, higher carrier mobility and better device performance were observed. This shows that dopants create additional hopping sites and shorten the hopping distance. At a higher dopant concentration, dopants tend to aggregate and the aggregations degrade the device performance. In addition, the observed decay rates and luminescence efficiencies of the 5 www.intechopen.com
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doped samples can be used to calculate the radiative and nonradiative decay rates. The trend suggests that the lightly-doped sample can exhibit better luminescence efficiency at higher applied voltage while the highly-doped sample shows poorer luminescence efficiency even operated at lower applied voltage. The resulting recombination dynamics can be used to explain the device characteristics and performance of the doped samples.
Sample Structures and Experimental Procedures
The OLEDs are fabricated by vacuum deposition of the organic materials onto an indiumtin-oxide (ITO)-coated glass at a deposition rate of l-2Å s -l at l0 -6 Torr. The device structures are ITO/N, N'-bis(naphthalen- 1-yl 
. NPB and Alq 3 are used as the hole transport layer (HTL) and electron transporting layer (ETL), respectively. The dopant concentrations of C545T in A1q 3 are 1%, 3%, and 7%. The active areas of each device were 9 mm 2 . A blank sample (no doping) was also prepared for comparison. Figure 1 shows the sample structures of OLEDs. The morphological study was done by a scanning electron microscopy (SEM) (Hitachi Model S-4300N) with the excitation 5kV electrons. The electroluminescence (EL) spectra were measured by a Hitachi (model 4500) fluorescence spectrometer together with a power supply. Current-voltage (I-V) and capacitance-voltage (C-V) characteristics were measured with a semiconductor parameter analyzer (Agilent 4145B) and a LCR meter (Agilent 4284), respectively. For transient electroluminescence measurements, a pulse generator (Agilent 8114A 100 V/2) was used to generate rectangular voltage pulses to the devices. The repetition rate and width of the pulse were l kHz and 5 µs, respectively. The light output was detected by a fast-biased silicon photodiode (Electro-Optics Technology Inc., model ET-2020) operating directly on the surface of the devices. The transit time is a function of both the time required to charge the device (a function of the RC time constant of the circuit) and mobility [11] . In order to reduce the contribution of the time to charge the device, attention was paid to the RC time constant of the EL cells. The maximum measured capacitance, C, of the EL cells was about 6 nF. The series resistance of our cells was estimated to be about 10 Ω. Therefore, the RC time constant was estimated to be less than 60 ns and the selected pulse width was greater than the charging time of the devices [4, 12] . The temporal evolutions of EL signals were recorded by the average mode of a 50Ω input resistance of a digital oscilloscope (Agilent Model DSO 6052A, 500 MHz/4Gs/s). The oscilloscope was triggered by the pulse generator. The two coaxial cables for measuring transit EL and voltage pulse were equal in length, so that the time delay, except for the intrinsic delay, was negligible. All the measurements were carried out at room temperature (RT). Figure 2 (a) and (b) shows the SEM images of 1% and 3% C545T-doped Alq 3 films, respectively. The morphology of 1% C545T-doped Alq 3 film shows a homogeneous and flat image while that of 3% C545T-doped Alq 3 shows aggregations. This shows that dopants tend to aggregate as the dopant concentration becomes higher.
Experimental Results

SEM Images and EL Spectra (9 pt, bold)
(a) (b) Fig. 2 . SEM images of (a) 1% and (b) 3% C545T-doped Alq 3 films. Figure 3 shows the EL spectra of 1%, 3%, and 7% C545T-doped Alq 3 samples and the undoped one. The EL spectra of the doped samples are significantly narrower than that of the undoped one. This is a tremendous advantage in the color mixing of red, green, and blue light for full-color applications. In order to create saturated colors, it is important for the individual red, green, and blue to be as pure as possible. Furthermore, as the dopant concentration increases, the peak position was slightly red-shifted and a shoulder in the long-wavelength side becomes apparent. Similar phenomena were also observed in Alq 3 films with 4- [1, 13, 14] . The aggregations not only represent spatially distributed potential minimums but also broaden the effective DOS distribution. Hence, the broader spectrum width and the long-wavelength shoulder in EL spectra imply a larger degree of disorder.
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Organic Light Emitting Diode 98 Applied Voltage (volt) alq3 alq3 +1% C545T alq3 +3% C545T alq3 +7% C545T Fig. 3 . EL spectra of the undoped and 1%, 3%, and 7% C545T-doped Alq 3 samples at RT. Figure 4 (a) shows the current density versus applied voltage (I-V) characteristic of the four samples. Compared with the doped samples, the undoped sample shows a higher operational threshold and a shallow slope of current density versus applied voltage. This shows that the incorporation of dopants into host materials can improve device performance. In addition, with a higher dopant concentration, the driving voltage is higher and the current density is lower. This suggests that the aggregations tend to degrade the device performance. as a function of bias for a fixed frequency 10 Hz. No apparent difference was observed for negative bias. For the positive bias, the capacitance increases significantly and reaches a maximum at the "transition voltage V 0 ". V 0 is regarded as the built-in voltage V bi , ie. the difference in work function between the two contacts [15] . The transition voltages V 0 for 1%, 3% and 7% C545T-doped Alq 3 samples are 2.3, 2.38 and 2.6 volts, respectively. Aggregations can trap carriers for self-quenching and luminescence losses, which leads to a higher turn-on voltage in the highly-doped sample. This argument is consistent with the long-wavelength shoulder in the EL spectrum. Furthermore, as the applied voltage is beyond V 0 , the electrons and holes start to recombine and the capacitance decreases. The negative slope is related to the recombination efficiency. The lower the capacitance, the better the recombination efficiency. The slower decreasing trend of the highly-doped samples implies a low recombination efficiency.
I-V and C-V Characteristics
Carrier Transport and Recombination Dynamics
The dynamic behavior of EL under electrical fast-pulse excitation provides important insights into the carrier transport behaviors and internal operation mechanisms of OLEDs. The response time is determined by the time delay, t d , between addressing the device with a short, rectangular voltage pulse and the first appearance of EL [16, 17] . The EL onset is identified as the time at which the two leading fronts of injected holes and electrons meet in the device. The time after the EL tends to saturate is the time at which electron and hole distributions have interpenetrated. The temporal decay of the EL at the end of the applied voltage pulse reflects the depletion of the carrier reservoir established during the preceding on-phase. Because the doped samples performed better than the blank one, the discussions in this section were focused on the three doped samples. ) implies a saturation of carrier mobility.
The transient EL decay as a function of time for different applied voltages for 1% C545T-doped Alq 3 sample is shown in Figure 6 . The EL decay can be fitted with a single exponential to obtain decay time. 
  
, the reciprocal of the decay time (τ), is shown in Figure 7 (b). The decay rate shows an increasing and then decreasing trend with increasing applied voltage. It is noted that the measured decay rate is the sum of the radiative decay rate and nonradiative decay rate by the following equation [18] 1 r nr
where κ r , κ nr , and κ are the radiative decay rate, nonradiative decay rate, and total decay rate, respectively. At somewhat high applied voltages (
), the slower decay rate may imply an enhanced nonradiative decay rate. The details will be discussed later. [19, 20] , was often observed in OLEDs and can be explained with the following mechanisms (i) singletsinglet and singlet-heat annihilations [21] , (ii) exciton-exciton annihilation, (iii) excitons quenching by charge carriers, and (iv) field-assisted exciton-dissociation into an electronhole pair [22] . In addition, the 1% C545T-doped Alq 3 sample has the best luminescence efficiency among the three samples. This shows that a small amount dopant improves the quantum efficiency. As the dopant concentration goes beyond a certain value, the dopants tend to aggregate. This degrades the device performance. Also, the response time seems to be related to the luminescence efficiency. Shorter response time correlates with luminescence efficiency. The shorter response time suggests higher carrier mobility and larger overlap integral of electron-hole wavefunctions. These factors improve the luminescence efficiency. As shown in Figure 8 , we normalize the luminescence efficiency at the maximum efficiency (at 3 volts) of 1% C545T-doped Alq 3 sample to get the normalized quantum efficiency. Because they have the same device structures, the extraction efficiencies of these samples are assumed to be the same and the normalized quantum efficiency can be regarded as the internal quantum efficiency. The internal quantum efficiency, η, is defined as the ratio of the number of light quanta emitted inside the device to the number of charge quanta Normalized Luminescence Efficiency undergoing recombination. η is given by the radiative decay rate over the total decay rate of recombination [18, 23] . 
where κ r , κ nr , and κ are the radiative decay rate, nonradiative decay rate, and total decay rate, respectively. η can be improved when the radiative decay rate, κ r , is enhanced. Radiative recombination requires spatial overlap of the electron-hole wavefunctions and κ r is expected to decrease when carrier separation occurs. κ r is in the μs -1 to the ns -1 range when electron-hole pairs are located on a single conjugated polymer chain. It is difficult to give an order of magnitude to the nonradiative process, since it depends on the defect density. In order to quantitatively study the recombination dynamics, the observed decay rate (κ) and internal quantum efficiency (η) can be used to trace out the radiative decay rate and nonradiative decay rate by solving equations (1) and (2). Figure 9 shows the calculated results of κ r and κ nr . Some phenomena associated with recombination dynamics are shown in this figure. For the 1% C545T-doped Alq 3 sample, κ r exhibits a decreasing trend with increasing the applied voltage while κ nr does the opposite. Around the applied voltage V 1%~7 .5 volts, κ r and κ nr are equal, at about 0.0022 μs -1 . With the applied voltage lower than 7.5 volts, the larger κ r implies better luminescence efficiency. At larger forward bias, the lower radiative decay rate and higher nonradiative decay rate are responsible for the lower luminescence efficiency of the OLED devices. The trends of κ r and κ nr can explain the luminescence efficiency as a function of applied voltage for the 1% C545T-doped Alq 3 sample, as shown in Figure 8 . In addition, for the 3% and 7% C545T-doped Alq 3 samples, κ r becomes lower while κ nr is enhanced. At larger forward bias, the radiative decay rates, κ r , are larger than nonradiative decay rates, κ nr . These trends, due to the existence of aggregations, lead to the lower luminescence efficiency. For the 7% C545T-doped Alq 3 sample, the largest κ nr and the smallest κ r suggests the strongest nonradiative 1% radiative 1% nonradiative 3% radiaitve 3% nonradiative 7% radiative 7% nonradiative recombination and poorest luminescence efficiency among the three doped samples. In addition, it was found that κ r and κ nr are equal, at about 0.0022 μs -1 for the three doped samples. The applied voltages V 3% and V 7% , corresponding to equal κ r and κ nr , are ~4.3 and ~4.0 volts for the 3% and 7% C545T-doped Alq 3 samples, respectively. The applied voltages corresponding to equal κ r and κ nr decrease with increasing dopant concentration. These demonstrate that the lightly-doped sample exhibits better luminescence efficiency than the highly-doped samples at all applied voltages and that all the doped samples exhibit peak luminescence efficiency at relatively low applied voltage, with luminescence efficiency decreasing for all the doped samples as the applied voltage is increased. The resulting recombination dynamics are correlated with the device characteristics and performance of the doped samples. Fig. 9 . Radiative decay rate (filled symbol) and nonradiative decay rate (empty symbol) as a function of applied voltage for the three doped samples.
Conclusion
In summary, the dependence of recombination dynamics and carrier transport on dopant concentration of OLEDs studied. In the lightly-doped sample, a higher carrier mobility and better device performance were observed. Due to the aggregations in the highly-doped samples, carrier quenching as well as nonradiative recombination degrade the device performance. In addition, the radiative decay rate and nonradiative decay rate were calculated to explain the recombination dynamics. It was found that the lightly-doped sample exhibits better luminescence efficiency than the highly-doped samples at all applied voltages and that all the doped samples exhibit peak luminescence efficiency at relatively low applied voltage, with luminescence efficiency decreasing for all the doped samples as the applied voltage is increased. The results for recombination dynamics are correlated with the device characteristics and performance of the doped samples. The investigations are beneficial for discovering recombination dynamics, investigating quantum efficiency, and developing device applications.
